ABSTRACT
INTRODUCTION
The global demand for energy has been increasing and a way to meet it is to use alternative fuels. The production of biodiesel from raw vegetable or animal material inevitably results in the coproduction of glycerin (1,2,3-propanetriol) , also known as glycerol. Due to its properties, glycerin is commonly used by the food, cosmetic and pharmaceutical industries (Carmines and Gaworski 2005; McNeil et al. 2012) . Approximately 100 kg of glycerin are produced per ton of biodiesel. However, the absorption capacity of the industries is limited, leading to search for new ways of its utilization (McNeil et al. 2012) . Many authors have worked with glycerin as a fuel, proving the possibility of employing it for this purpose (Crnkovic et al. 2012) . Nevertheless, the use of alternative fuels requires studies to quantify their toxic effects to the environment and humans and compare them with those traditionally used. The use of biosensor plants, plants that respond to pollutants with no visible effects, presenting molecular, cellular, physiological and biochemical alterations (Temmerman et al. 2004) , to evaluate pollution levels has shown additional advantages in comparison with the traditional methods of monitoring. The advantages include low cost of installation, no need of sophisticated instruments for measurement, efficiency in the monitoring of large areas and long periods of time, and viability to evaluate the chemical elements present in low concentrations (Guimarães et al. 2000; Carreras and Pignata 2001) . Although the genotoxic effects observed in the plants cannot be extrapolated directly to human populations, the results of experiments with the plants can be taken into consideration for the analysis of atmospheres, due to the high sensitivity of these organisms, even in the situations of low air contamination levels. Therefore, it is possible to affirm that a pollutant that does not cause any detectable damage to the most sensitive species of plants would not affect other organisms, including humans (Guimarães et al. 2000) . The Tradescantia stamen hair (Trad-SH) assay has been one of the most appropriate tests to detect the genetic effects of the chemicals and ionizing radiation and to study the variations in the frequencies of spontaneous somatic mutations (Imai et al. 1991; Ma et al. 1994; Ichikawa and Wushur 2000) . The assay is also highly efficient to determine the genotoxicity of liquid and gaseous environmental agents (Ma et al. 1996; Mohammed and Ma 1999) . The Trad-SH assay was initially applied to evaluate the genetic effects induced by the nuclear radiation (Nayar and Sparrow 1967; Sparrow et al. 1972 ) and subsequently adapted to detect the mutagenic agents carried in the air and volatile organic compounds and chemical agents in liquid form (Ma et al. 1994) . In humans, a tiny fraction of DNA lesions may or may not induce mutations, but in Tradescantia, the great majority of lesions result in mutations. Thus, an increase in the initial damage frequency (mutations) in Tradescantia may be indicative of mutation occurrence in humans in the same proportion (Ichikawa 1992 ). Since Tradescantia is highly sensitive to the chemical and physical environmental agents, the plants need only to be exposed to a contaminated environment to produce some effects, with no need of collecting, concentrating or altering the air composition. The effects of urban pollution have been long studied with the use of biomonitoring and the Trad-SH has been a good alternative to delimit the mutagenic risks in the contaminated environments (Guimarães et al. 2000; Ferreira et al. 2007 ). Among the air pollutants generated by the combustion of fossil fuels, SO 2 is considered one of the most toxic to the plants. It can be absorbed by the roots and stomata. Nitrogen oxides (NO X ) are also potentially toxic because they are absorbed by the stomata and inside the leaves, react with water and are dissociated into nitrate and nitrite, acidifying the internal spaces. Hydrocarbons present in the emissions must also be considered components of high mutagenic potential (Freedman 1995) . Acrolein is a known environmental pollutant found in many types of biomass emissions (Monteil et al. 1999 ). According to Beauchamp et al. (1985) , several studies on the mutagenic potential of acrolein have shown controversial results, due to its high volatility and instability. Some authors have affirmed that acrolein did not cause chromosome breakage in higher plants (Vicia faba) (Loveless 1951; Izard and Libermann 1978) , although Izard (1973) observed interference in the cell division, causing disturbances in the mitotic system. In previous studies, the Tradescantia biosensor was applied to evaluate the polluted atmospheres, and the concentration of atmospheric gases was provided by environmental agencies (Ferreira et al. 2000; Ferreira et al. 2003; Ferreira et al. 2007) or punctual quantitative measurements of pollutant concentration (Guimarães et al. 2000; Guimarães et al. 2004 ). This study assessed the mutagenic effects caused by the emissions from the direct combustion of two fuels whose gas concentrations were measured during the exposure of the inflorescences to the toxic emissions. Trad-SH test using KU-20 clones of Tradescantia was applied to study the ability of the gases from the combustion of diesel and crude glycerin to induce the mutations. The study also dealt with the possibility of replacement of fossil fuel by crude glycerin, an alternative energy source.
MATERIAL AND METHODS

Materials
A crude glycerin from bovine tallow, a by-product from Brazilian biodiesel manufacturing, and a Brazilian commercial diesel were used. Table 1 shows the chemical composition of the fuels. The high heating value (HHV) was determined on a bomb calorimeter (IKA C200) according to the ASTM D-2015 standard test method and using samples weighing 1.0±0.1 g in three replicate experiments. The ultimate analysis for glycerin was previously determined by Crnkovic et al. (2012) and for diesel oil was provided by the manufacturer. The biosensor plant, Tradescantia KU-20, was cultivated in a flower bed in the yard of university, where there were vehicular and human movement. The control group and the test groups were maintained on the site under the same exposure conditions. The plants were watered three times a week and monthly fertilized with a nutritive solution containing N, P, and K in the proportion of 20:20:20 in order to stimulate the growth and inflorescence production. Crnkovic et al. 2012; (ii) Provided by manufacturer (without addition of biodiesel). nd: not detectable
Fuels' burning and intoxication systems
A flamotubular calorimetric furnace composed of twelve combustion chambers in four modules was used for the combustion of the fuels. Each module of furnace was 1 m long and constituted by a central tube of 305 mm internal diameter. This tube was superimposed by another tube with an internal diameter of 415 mm, forming a 55 mm thick chamber of water flow between the two tubes. The module was individually constituted by three calorimetric chambers of 328 mm length. Each chamber was crossed by two tubes of 25 mm internal diameter, and two tubes of 19 mm internal diameter were soldered in its inferior and superior parts. The gaseous emissions from the fuel combustion in the furnace were collected through a metal probe. The concentrations of the gas emissions (O 2 , CO 2 , CO, THC, NO X and SO 2 ) were measured in gas analyzers (Horiba Enda 1400 and Tecnomotor), which were connected to the data acquisition system that received and processed the data of the gaseous emissions continuously. After the measurement, the gases were placed in a fumigation chamber containing the inflorescences. The intoxication was performed only after making sure that the system had achieved the equilibrium condition, i.e. after the permanent regime. For the intoxication tests, the inflorescences (10 to 12 stems) were cut and kept in aeration systems for approximately 2 h before intoxication. The test groups were placed in a fumigation chamber together with the emissions from the burning of both fuels, i.e., diesel fuel and crude glycerin. They were subjected to intoxication for 30-40 min (according to the duration of the combustion test) and then placed in the aeration systems again, remaining under this condition for approximately four days while the flowers were opening and being analyzed. Figure 1 shows the schematic of the experimental system.
Two process variables were assessed, i.e., excess of air and average temperature of combustion. The excess of air () is defined by the equation
where AF act is the actual air-fuel ratio, and AF Th is the theoretical air-fuel ratio. The air-fuel ratio (AF) is determined by equation 
Analysis of mutagenic events and statistical analysis of data
For the analysis of the stamen hairs, firstly the anthers and pistils were removed from the fully opened flowers and then the six stamens were placed on a slide with drops of water. Using a colony counter and a pair of needles to comb the hairs of each stamen, they were aligned to facilitate the analysis. After the preparation of the slide, they were observed in the microscope under maximum magnification against a white background to reveal the true color of the cells. A sample with more than 30 flowers randomly picked was used to estimate the average of stamen hairs per flower. Three stamens were removed, and the plates were prepared as in the analysis. The number of hairs in each stamen was counted through a microscope. As each flower had six stamens, the results were multiplied by 2 and, the average number of hairs per flower was obtained, considering the total number of samples used. 33 flowers were used, and an average of 368 stamen hairs/flower was obtained. This average number was considered in the analysis of the results because the mutagenic events are expressed in terms of mutations/1000 stamen hairs. After the number of mutagenic events has been calculated, the results must be expressed in terms of mutant events per 1000 stamen hairs, i.e., the results must be multiplied by 1000 and divided by the average of the number of stamen hairs per flower. The Statistical Analysis was performed using the excel Data Analysis. The significance level was adjusted to 5%. An analysis of variance (ANOVA) was applied to test for significant differences between the analyzed groups. The analysis of multiple comparisons (Tukey test) was used to verify if there were significant differences between the averages of the mutation frequencies in the studied groups.
RESULTS
The low carbon content and high oxygen content in the crude glycerin led to a lower value of HHV in comparison to diesel oil ( Table 1 ). The HHV of the glycerin was lower than diesel oil, but comparable to ethanol that was around 26 MJ/kg (Canakci et al. 2013) . Therefore, this material could be used in power generation systems. Three pairs of tests were performed, and the experimental conditions adopted and average results of the emissions generated are presented in Table 2 . The combustion tests in the furnace were performed in three stages and on the same day, one combustion test with diesel oil and one with glycerin were conducted. The values shown in Table 2 represent average values after the combustion system had achieved the permanent regime. The tests shown in Table 2 were performed for the assessment of the gas emissions as a function of experimental parameters, such as temperature and excess of air. Therefore, the three pairs of tests were conducted so that the influence of these parameters on the combustion efficiency, which was related to CO 2 , CO, and O 2 emissions, could be understood. The average temperature when the diesel oil was burned was higher due to their highest HHV (Table 1) . For each pair of tests (diesel oil and crude glycerin), one control group (samples of Tradescantia non-intoxicated) was assessed, and three control groups were obtained after the three tests. These groups were compared so that they could be united in one representative group. The averages of the mutation frequencies and standard deviations of the control groups are shown in Figure 2 . Table 3 presents the Analysis of Variance (ANOVA) of the control groups. Based on the ANOVA results, it was possible to either accept or reject the null hypothesis of the group similarity from the calculation of F. Table 3 showed that F STAT was inferior to F TABLE and pvalue was under the significance level. No significant statistical differences were found in the comparison of the three control groups. A control medium (C M ) was obtained from the average of the three individual controls of each pair of tests in order to compare the mutagenic responses of the samples with the natural variation observed in the environment. From the three tests, a total of seven groups was obtained -six intoxicated groups, resulting from the intoxication with emissions of diesel oil (D1, D2, and D3 groups) and crude glycerin (G1, G2 and G3 groups) and a control group (C M ).
According to
The results of the mutagenic responses of the groups subjected to gaseous emissions from the combustion of diesel fuel and crude glycerin are shown in Figure 3 . The average number, standard deviation, and the rates of mutations of all groups were measured by the number of pink cells and expressed in terms of mutations/1000 stamen hairs. The intoxication time was around 30 min for tests 1 and 2, and around 40 min for test 3. As expected, the values of the mutation frequencies obtained for the control groups (Fig.  3) were significantly lower than those observed for intoxicated groups. Among the intoxicated groups, the average values of mutagenic events were approximately constant (21 3 of Mutation/1000 stamen hairs), except for the G3 group (34  3 Mutation/1000 stamen hairs). As the test 1 was performed with higher value of , the lowest mutation frequencies for this test were expected due to the emissions dilution. The tests 2 and 3 were executed with values approximate of , but in the test 3, the inflorescences had a longer time of exposure to the gaseous emissions. Thus, higher mutagenesis was expected in the last test.
However, the mutations produced by the diesel oil combustion remained approximately constant in the three tests.
The ANOVA was applied to compare the groups intoxicated (Fig. 3) statistically. As shown in Table 4 , F STAT was superior to F TABLE and p-value was higher than the significance level. Therefore, according to ANOVA, the null hypothesis of similarity was rejected. The Tukey test was applied to determine which samples differed from each other statistically. Table 5 shows the data of the Tukey analysis. 
DISCUSSION
In the Tradescantia stamen hair mutation assay (Trad-SH), the main cells are the mitotic cells of the stamen hair under development in young inflorescences. The assay is based on the coloration heterozygosis of cells (dominant character = "blue" and recessive character = "pink"). Once all the cells have an allele to the blue color and another to the pink color, a simple mutation causes a phenotypic alteration of easy perception (Nayar and Sparrow 1967; Ma et al. 1994; Rodrigues et al. 1997) . The cells of a stamen hair originate from a single epidermal cell of the filament. All the cells in each hair are generated by mitosis from the apical or sub-apical cells. Therefore, a pink mutant cell may repeatedly divide and give rise to a string of pink cells. Thus, this string is considered a single mutation event, once it originates from a single mutation. Two or more pink mutant cells separated by blue normal cells are considered distinct mutagenic events. The Tukey test (Table 5) showed that among the intoxicated groups, only the average of pink mutations of G3 group differed from the average of the other groups. As expected, all the samples intoxicated with gaseous emissions generated by diesel fuel and crude glycerin burning showed a higher average frequency of mutagenic events than the control group. In the evaluation of the diesel oil emissions, D2 group showed a mutation rate statistically higher than that of D1 group, but both rates were similar to that of D3 group. According to Table 2 , D2 group was subjected to gaseous concentrations higher than that observed in the D1 group, but very close to that of D3 group, except the concentration of CO, which was higher than that of all other groups. Since the D1 and D2 groups were similar to D3 group, it was assumed that the difference between them occurred due to a natural variation in both gases composition and plants physiology.
In the analysis of the groups intoxicated from glycerin combustion, G3 group was subjected to the highest concentrations of SO 2 (Table 2) and longer exposure time (around 40 min). G2 group was subjected to the highest concentrations of CO, THC and NO X , but showed an average of mutagenic events similar to that of G1 group and lower than the one of G3 group. Comparing G1 and G2 groups with the others, the ones intoxicated with diesel oil emissions were subjected to higher concentrations of SO 2 , and D2 group, subjected to a higher concentration of CO, showed rates of pink mutations higher than that of D1 group. D3 group was subjected to experimental conditions (temperature and ) and exposure time to toxic emissions close to the conditions adopted for G3 group (Table 2) . However, the mutagenic events of D3 group were quite lower than those of G3 group and similar to those of the other groups. The two first pair of tests (D1, G1, D2 and G2 groups) did not show differences between the groups intoxicated with the emissions from the combustion of both fuels. Thus, the presence of acrolein, commonly released in the glycerin combustion (Monteil et al. 1999) , was assessed in the last pair of test (D3 and G3 groups). As expected, it was not found in the diesel oil emissions and its concentration in the glycerin emissions (Table 2 ) was lower than the concentrations found in other studies (Izard and Libermann 1978; Beauchamp et al. 1985) . These studies also reported that at the experimental concentrations, there was no interfere in chromosomal DNA. In the present study, as the pollutants analyzed were not present in higher concentrations in the G3 group and behaved differently from the others with a higher rate of mutagenic events, the results of the acrolein toxicity were not conclusive. The presence of acrolein in the G3 group and its absence in the D3 group, however, might be an indication that it was among the substances that caused an increase in the mutant frequency in the G3 group. According to the literature, the gaseous emissions such as NO X , SO 2 , CO and THC were considered toxic and mutation inductors (Clark and Vigil 1980; Arey et al. 1992; Freedman 1995; Grant and Briggs 2002) . The increase in the time of exposure to toxic emissions was also assessed and showed evidences that it caused an increase in the number of pink mutations. This study did not conclude, which variables caused more damage to G3 group. However, it could be stated that glycerin was a product with impurities and more heterogeneous composition in comparison to diesel. Since the combustion system simulates a real furnace with burning process too unstable, measurements are influenced by the variations within it during firing. This study took into consideration the difficulty and lack of details about the combustion process of crude glycerin, whose composition was not fully known.
CONCLUSIONS
The high heating value (HHV) was determined, which showed that crude glycerin had the potential for use in power generation systems. The present study assessed the efficiency of applying of Trad-SH assay by exposing seedlings in the chambers of flux of gaseous agents to determine a possible mutagenic potential of gases emitted by different fuels. Diesel oil and glycerin showed considerable mutagenic effects, since both showed a higher increase in the DNA injury of plants than that observed in the control group. Only one group of glycerin (G3) showed a higher rate of mutagenic events than the other groups after the application of analysis of variance (ANOVA) and Tukey Test. The analysis of the experimental data of all the groups did not allow determining a variable that could explain the increase in the pink mutations frequency observed in the G3 group. Thus, it could be assumed that the process of glycerin combustion was difficult to describe and complex, since the fuel had an unclear composition and some unidentified factor occurred exceptionally in this test (G3) with no recurrent character.
Glycerin is a waste material generated in the biodiesel production and its use as an alternative fuel is an important aspect to be considered. However, present findings have shown that this material, similarly to diesel, could exert considerable mutagenic effects.
